The transformations between the normal and metastable state of EL2 in GaAs are investigated. We apply the internal friction technique as a probe for very small conductivities and discuss the changes in conductivity by the formation and recovery of EL2*. At 40 K both shallow acceptors and EL2 are photoquenched into neutral metastable states. The acceptors are likely to be associated with EL2* forming an electrically inactive state. We identify two damping peaks at 60 and 95 K with the regeneration of the acceptors and EL2 respectively. The latter indicates a regeneration via the charged defect (EL2)+
Introduction
EL2 is an intrinsic midgap defect in GaAs. Due to its presence technologically important semi-insulating (SI) material can be achieved. If the concentration of shallow donors is smaller than that of shallow acceptors, this surplus is compensated by electrons from the deep donor EL2. As long as some neutral EL2 defects are present, the Fermi level is pinned near the middle of the gap by the remaining EL2 defects.
Various investigations have been performed to study the properties of EL2. The proposed stucture models have led to controversial pictures concerning the configuration of the involved point defects (e.g., Refs. [1] [2] [3] [4] [5] ). There is agreement with respect to the participation of an arsenic antisite AsG a . Another important feature is the appearance of the metastable state named EL2*. It is formed at low temperatures under illumination with light of a maximum quenching efficiency (11) at an energy of 1.13 eV [6] . The recovery back to the normal state occurs at temperatures above 120 K [6] . The quenched state is electrically inactive and not accessible by most experimental methods [7] . Thus, very little is known about this metastable state, and only the transitions between the two states have been investigated. Techniques like photoconductivity [8] , infrared absorption [9] , and photocapacitance [6] have been applied to study the transformation. In this paper we present another experimental method, based on the acoustoelectrical relaxation of conduction electrons screening the piezoelectrical field of harmonically strained GaAs crystals. The coupling of the electrons to an ultrasonic wave can be detected by an acoustic damping, i.e. internal friction (IF). The advantage of this method is its high sensitivity to very small conductivities and the high time resolution without the need to use any electrical contact. The capture and the release of electrons during the transformations between the normal and the metastable state of EL2 are monitored. For these investigations high resistivity samples are required.
Both theoretical and experimental investigations of the interaction between acoustic waves in piezoelectric semiconduction and conduction carriers have been performed by several authors ( [10] [11] [12] and others). The experimental works present conductivity measurements in SI crystals by the IF method. Concerning the relaxation time there is some controversy between theory [10] and experimental data [12] . In Sec. 3.1 we first show results achieved at high temperature to clarify this problem. In Sec. 3.2 we describe the low temperature results. The damping peaks achieved by irradiation with a Nd doped yttrium aluminium garnet (Nd:YAG) laser and the heating curves after irradiation are analyzed in Sec. 4.
Experimental procedures

Internal friction method
Anelastic relaxation processes leading to an attenuation of a vibrating crystal can be detected as IF. Such a process is the screening of piezoelectric fields by conduction electrons. Depending on the efficiency of the acoustoelectric coupling, the loss of energy per cycle, Q -1 , is given by an equation derived by Zener [13] :
In this equation ω = 2πv is the circular frequency of the vibration, τ -t h e c h a r a c t e r i s t i c t i m e f o r t h e s c r e e n i n g o f t h e e l e c t r i c f i e l d a n d Δ = e 2 1 4 / ε c the relaxation strength. ε is the dielectric constant, e 14 and c respectively the appropriate piezoelectric and elastic constants in a cubic crystallographic system. For a thermally activated process τ can be expressed by an Arrhenius equation τ = τ0 exp(E/kT), (2) where E is the activation enthalpy, k -Boltzmann's constant, and T -the temperature. For a dielectric relaxation according to Maxwell τ is given by
where σ is the electrical conductivity. Both the mobility and the temperature dependence of the concentration of conduction electrons contributing to the conductivity can be obtained by Hall effect and conductivity measurements to verify a Maxwell relaxation time. We come to this point in Sec. 3.1.
Similar to the changes of Q -1 due to the screening of piezoelectric fields corresponding variations of the resonance frequency on account of a reverse piezoelectric effect can be observed. If the electric field is unscreened, the sample appears to be stiffer. For ωτ > 1 at low temperatures the relaxation time given by Eq. (2) is too large to allow an efficient screening of the electric field. At high temperatures (ωτ « 1) the field is screened very quickly. In this case the resonance frequency v decreases. An equation analogous to (1) for the relative change δv/v is given by [14] :
The experimental data were obtained using the composite oscillator technique as developed by Schwarz [15] . The sample is glued to a piezoelectric quartz transducer as shown in Fig. 1 and stimulated to vibrate in a pure longitudinal vibration mode at its mechanical fundamental frequency of 106 ± 2 kHz. The strain amplitude is kept constant at 1.0 x 10 -6 in a feedback circuit (Fig. 2) . The IF was determined from the gain of the amplifler, which is a measure for the dissipated energy in the crystal. The investigated temperature range was between 40 and 400 K.
Nd:YAG laser (1.17 eV) was used to study the influence of light on the relaxation time. These experiments are necessary to understand the results of quenching. A power of a few mW was applied to the sample via a light pipe. Quenching experiments were performed in the following way. First, the sample was cooled to about 40 K in the dark. Then, at constant temperature IF was measured irradiating the specimen for a certain time. During heating the sample to room temperature the IF spectum was recorded.
Specimen
Rectangular bars with the long axis parallel to the (110) direction were cut from GaAs single crystals. Because of the 43m symmetry, stress along a (110) axis induces a piezoelectric polarization perpendicular to this direction. The appropriate elastic and piezoelectric constants are = 1.19, c12 = 0.538 and c44 = 0.595 [105 MPa] are the elastic constants in the cubic system [16] . With e14 = 0.16 C/m2 [17] and ε = 12.85ε0 [16] the relaxation strength according to Hutson and White [10] is given by Δ = e214/(c(110)ε ) = 1.54 x 10 -3 .
The resonance frequency of 106 kHz requires a sample length of 22.4 mm. The cross-section of the crystal was 3.0 x 3.0 mm 2 . The samples are undoped SI n-type GaAs grown by the liquid encapsulated Czochralski method. High resistivity material is necessary to avoid the recovery of the metastable EL2* by free conduction carriers [6] . The free carrier concentration n and the mobility μ at room temperature are n = 10 7 cm-3 and μ = 7000 cm2/Vs. The concentration of EL2 is about 1016 cm-3 with a low compensation rate: NA -ND = 10 14 to 10 15 cm-3 . Here NA and ND are the corresponding concentrations of shallow acception and donors.
Experimental results
High-temperature results
In this subsection we present the IF temperature dependence above 290 K. Figure 3a shows the damping curve and Fig. 3b -the corresponding frequency data. The peak in Fig. 3a has been proved to be of piezoelectrical origin. A sample coated with a thin indium layer shows a total reduction of the damping due to the short-circuit of the piezoelectric field. According to Eq. (1) we expect the peak height to be Q-1max= Δ / 2 = 0 . 7 7 x 1 0 -3 w h i c h i s i n g o o d a g r e e m e n t w i t h t h e observed Q-1max= ( 1 . 2 ± 0 . 1 5 ) x 1 0 -3
. T h e e x p e r i m e n t a l v a l u e i s h i g h e r b e c a u s e of additional losses like energy dissipation in the glue, problems of contacting the quartz and of losses in the complex circuit of the apparatus. Figure 3b shows for temperatures above the peak temperature the softening of the sample due to an effective screening of the piezoelectric field. The general decrease in the frequency with rising temperature results from the temperature dependence of the elastic constants. The maximum change in the resonance frequency can be estimated from the graph to be δvmax = (50 ± 4) Hz for the composite oscillator. Considering the masses of the quartz and the specimen we calculate a relative frequency change δvmax/υ = (0.87 ± 0.07) x 10 -3 for the specimen. This agrees very well with the expected value of Δ/2.
The solid line in Fig. 3a is a Debye fit according to Eqs. (1), (2) and represents well the experimental data. From the fit we obtain the preexponential factor τ0 and the activation enthalpy E is the well-known energy level of EL2. To show that the observed relaxation process is of Maxwell type, Hall effect measurements were carried out to obtain the temperature dependence of the conductivity σ. The results are shown in Fig. 4 . σ is given by σ = neμ = σoexp(-U/kT). (5) U is the energy level of the deep center. The exponential factor mainly determines the temperature dependence of the free electron concentration n. e is the elementary charge and μ -the electron mobility. σ 0 is defined by Eq. (5) which by Hall measurements turned out to be temperature independent in the plotted range.
The experimental results are From τ0 = ε/σo one gets τ0 = 2 x 10 -18 s. These values are equal to the ones obtained from the IF peak. Therefore, the relaxation time can be identified with the Maxwell time. Using this time in Eq. (1) the conductivity can be obtained from the HF data as shown in Fig. 5 . For an unambiguous estimation the two cases ωτ « 1 and ωτ > 1 must be distinguished by the observation of the resonance frequency.
We further investigated the influence of light on the piezoelectric peak and the resonance frequency. Experimental results are shown in Figs. 6a and 6b. The solid line is achieved without exposure to light. The dotted and dashed lines show results of an irradiated sample at low (II) and high (I2) light intensity.
To interpret these results we have to consider two quantities which contribute to the relaxation time: temperature and light intensity. At a fixed (low) temperature rising light intensity increases the conductivity by additional optically excited electrons from EL2. Thus a comparable peak is obtained by a plot of IF versus light intensity as shown by Ogawa [18] and Turek [14] .
At room temperature for low light intensity the concentration of conduction electrons is slightly higher than for the unirradiated sample. For temperatures lower than the peak temperature this is shown by a small softening of the crystal. With increasing temperature the contribution of optically excited electrons becomes less compared to the total number of conduction electrons. The IF and frequency curves are approaching the data of the dark sample. For the high intensity /2 the electron concentration at room temperature is large enough for a nearly efficient screening (ωτ < 1). Thus, with increasing temperature up to the peak temperature Q -1 remains nearly constant. In this temperature range the portion of thermally excited electrons can be neglected.
Contrary to this result Mitrokhin et al. [12] found a general suppression of the peaks by illumination with white light. We can only agree with them for high illumination intensities when ωτ < 1.
Low-temperature results
The sample was cooled in the dark to a temperature of about 40 K and then heated up again to room temperature. In the whole temperature range no damping phenomena were found. The IF signal was smaller than a few 10 -5 .
All damping phenomena described in the following are due to acoustoelectric coupling, since all the HF signals disappear for indium coated samples.
First, the specimen was illuminated with the Nd:YAG laser at a constant temperature of about 40 K. Figure 7a shows the recorded HF signal as a function of time t and Fig. 7b -a corresponding plot of the frequency. Light on and off is indicated by I(t), where I = 1 means light is on (Fig. 7c) .
At the time t = 0 when light is switched on we observe a very narrow damping 1leak (1) accompanied by a reduction of the resonance frequency. Compared with the results in Sec. 3.1 this is the screening of the electric field by a fast increase in the concentration of optically excited electrons (ωτ « 1). Turning off the light at that time the same peak appears as shown in Fig. 8 (Fig. 7) we observe a second peak (2) accompanied by an increase in the resonance frequency up to its initial value, i.e., a decrease in the conductivity. If the light is switched off in the final stage, only a weak change in Q -1 is observed. This variation δQ -1 again is reversible. Only the second peak is due to an irreversible process. The electrons must have been captured by an electrically inactive level different from EL2, because they cannot be optically excited except for a few electrons. We point out that a laser induced transformation into an electrically inactive state has occurred. More light intensity leads to a faster reaction and to a bigger difference δQ -1 . This indicates a somewhat higher amount of free electrons involved in the process. It was proved that a long time illumination exceeding 15 minutes does not cause any change in the signals.
. The electrons are released to EL2 (ωτ» 1 ) . T h i s p r o c e s s i s r e v e r s i b l e . L e a v i n g l i g h t o n f o r a l o n g e r p e r i o d
Subsequent to these irradiation experiments the sample was heated up to room temperature in the dark. Figure 9 shows the damping and frequency curves for a heating rate of 6 K/min. In the temperature range above 150 K no more peaks were found. The solid lines show the data by cooling the sample in the dark before it was illuminated. After illumination two damping peaks were found peak (I): at 60 ± 3 K, peak (II): at 95 ± 3 K.
Both peaks are due to acoustoelectric coupling but not comparable with the piezoelectric one above room temperature. This is shown by the behavior of the resonance frequency in Fig. 9b . With rising temperature the conductivity increases and carriers start to screen the piezoelectric fields. But the condition ωτ =1 at the maxi mum temperature T(I)max i s not compl etel y ful fi l l ed (ωτ > 1 andω τ ≈ 1 ) .
Above T22x the screening becomes less efficient. This is shown by the stiffness of the sample. Obviously free carriers are captured. Approaching T(II)max the conductivity rises again. The corresponding change in the resonance frequency cannot be dissolved, because the screening effect is too small. The IF peak (II) corresponds to the conductivity curve in this temperature range. For temperatures above 110 K the conductivity is below the detection range of the IF method (n < 10 7 cm -3 ).
A lowering of the heating rate leads to a reduction of the peak heights and to a shift of the peaks to lower temperatures. This is shown in Fig. 10 .
The ratio of the peak heights is similar for different samples cut from the same crystal. A variation is observed for samples from different crystals. The maximum peak temperatures always are about the same.
We conclude from our illumination experiments that we observe in Fig. 9 the recovery of an electron state induced by light at 40 K. The peaks only appear when the samples are irradiated at low temperature. The recovery becomes apparent by a release of carriers either to the valence or the conduction band.
Discussion
The acoustoelectric relaxation peaks as shown in Sec. 3 can be excellently described by a Maxwell time of dielectric relaxation. Light affects the relaxation time in the way it increases the conductivity. This is in agreement with results published by Ogawa [18] , Hirano [11] , and Hutson [10] but in contrast to the ones obtained by Mitrokhin et al. [12] . The latter dispute a Maxwell time, because their parameters achieved from IF measurements do not fit the conductivity. In our opinion their problem arises from changes in the bulk charge due to flexural vibrations. This bulk charge of alternating sign leads to a small variation of the electron concentration and consequently of the relaxation time. A variation of the relaxation time broadens the HF peak [19] and then the evaluated activation enthalpy will be too small as found by Mitrokhin. Since the determination of τ0 depends on the activation enthalpy, the calculated value of τ0 also will differ.
The results presented in Sec. 3.2 indicate that the conditions for the formation and the recovery of a metastable state correlate with the features of EL2*. We now want to present a model of the EL2* formation that is based on our low-temperature results. Under photon flux different optical excitation processes are possible:
-neutral (uncompensated) EL2 centers are emptied and partially refilled by electron capture according to a relation -electrons are excited from the valence band to (EL2)+ and generate free holes p+:
-electrons are released from negatively charged shallow acception A -to (EL2)+.
The concentration of shallow donors can be neglected here. This point will be discussed later.
Due to (6) and (7), free electrons and holes are generated. These carriers are detected in our experiment by their screening of the piezoelectric field. The conductivity decreases under continuous illumination according to the following relation:
After a sufficiently long time nearly all EL2 centers are transformed to EL2* and most of the free electrons are trapped. The residual EL2 defects arise from the small amount of partial photoinduced recovery as suggested in Eq. (8) . With increasing light intensity the equilibrium is shifted to the left side, since we observe a higher conductivity (a larger δQ -1 in Fig. 7) .
The transition from all EL2 defects to the metastable state is sufficient to end the optical excitation of electrons into the conduction band, because the shallow donors are completely compensated by the shallow acception and their concentration is small compared to the other states. Therefore they do not need to be considered here. When EL2 is in its metastable state, the residual shallow acception can no longer be compensated by electrons from EL2. As their ionization energy is about 0.03 eV (carbon 0.026 eV and zinc 0.031 eV), free holes should be generated and these lead to a detectable conductivity. So far our picture coincides with the model proposed by Bray et al. [20] , which is based on electronic Raman scattering. The generation of free holes, however, is not observed in our experiments. The conductivity is smaller than 10 -8 (Ω cm) -1 for both light on and off. Thus neither photoconductivity nor persistent photoconductivity when the light is turned off are observed. The latter was reported by Jimenez et al. [21] for SI Czochralski samples at 77 K after an illumination of about 10 minutes but they state that it is not a universal phenomenon. Our experimental results show that no transitions from the valence band to the acception are allowed. A compensation of these defects by EL2* would require donor-like states for EL2* in the gap. However, these are not generally accepted. We believe that the shallow acceptors have to undergo a transition to an electrically inactive neutral metastable state as well as EL2.
This can be understood according to a model by Jimenez et al., after it has been modified. The basic idea is to connect our IF results with their photocurrent data. Band-edge photoconductivity measurements (hv > 1.4 eV) show that after illumination the optical transitions operating from the acceptor level are locked. This arises from an association of shallow acception A with EL2 defects. They both are in close neighborhood in the crystal [22] . We believe that the complex transforms to a metastable (EL2*-A0) center. In opposition to Jimenez this center has to be electrically inactive as we observe no persistent photoconductivity. It is well known that variations in the properties of midgap levels are related to different crystal growth conditions or thermal history of the samples. Therefore this contradiction should not be surprising.
According to the above considerations the photoquenched material shows two different metastable states: the (EL2*-A0) complex and the "single" EL2*. The recovery of these states can be discussed in terms of our heating experiments. If the samples are heated up to temperatures above 120 K, we observe two damping peaks due to local maxima in the conductivity. These indicate the recovery of two metastable defects. The dependence of the IF peaks on the heating rate T (Fig. 10) unambiguously reveals a transformation reaction (for T = 0 the IF decays to zero). In Fig. 9 we assign peak (I) to the recovery of the (EL2*-A0) center, because the recovery of EL2* is observed at higher temperatures [6] . At about 60 K the complex dissociates. The recovered acception are thermally ionized by electrons from the valence band. This generation of free holes increases the conductivity. The regeneration process must be coupled to a partial recovery of EL2* because of the following decrease in the conductivity. The normal states of EL2 then compensate the shallow acceptors.
The thermal recovery of EL2* is indicated by peak (II) at 95 K. It is coupled with an electronic transition releasing free carriers. Electrons are emitted and then captured from regenerated normal states of EL2. Thus we assume the transformation EL2* EL2 to occur via the charged state (EL2)+.
The recovery temperature is approximately 20 K smaller than the one observed from other experiments. Our method registers the temperature of maximum electron concentration, which not necessarily coincides with the temperature of maximum regeneration rate.
The varying ratio of the peak heights (I/II) for different crystals now can be understood by different compensation ratios: a larger concentration of shallow acception will result in a higher peak (I). On account of the coupling to EL2* more of these defects will recover. Consequently, fewer EL2* recover at the higher temperature and peak (II) becomes smaller.
In summary, we have shown that EL2 and shallow acceptors are transferred to neutral metastable states under a photon flux of 1.17 eV. The acceptor-EL2* complex and EL2* recover for temperatures above 60 and 95 K respectively. Both formation and recovery are accompanied by electronic transitions. Very small conductivities in the range of 10 -7 (Ω cm) -1 are detected by the IF technique indicating a recovery of EL2* through (EL2)+.
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